Introduction
The gypsy moth, Lymantria dispar (L.) (Lepidoptera: Erebidae), is a highly destructive pest of forests worldwide, and a cooperative approach has been implemented for their control, including the use of natural predators, Lymantria dispar nuclear polyhedrosis virus (LdNPV), transforming insecticidal genes in plants, and chemical modifications [13] . Briefly, a stock of methoxyfenozide (98%, Dow Chemical Co., USA) was prepared in acetone and serially diluted with distilled water containing 0.05% (v/v) Triton X-100 and 1% acetone for bioassays. Birch (Betula sp.) leaves were dipped in methoxyfenozide solutions for 10 s and then placed in the shade to air dry. Bioassays were carried out by exposing 30 L. dispar larvae to methoxyfenozide-treated leaves. Control larvae were treated with distilled water containing 0.05% (v/v) Triton X-100 and 1% acetone. Each concentration was replicated at least three times, and the mortality was assessed 48 h after the treatment at 25°C. LC 50 , LC 20 , and LC 5 values were calculated by POLO software (LeOra Software Inc., Cary, NC). Secondand third-instar larvae were treated for 48 h with LC 5 (1.573 mol/L) and LC 20 (4.575 mol/L) of methoxyfenozide (2nd instar larvae) and for 48 h with LC 5 (2.090 mol/L) and LC 20 (6.898 mol/L) of methoxyfenozide (3rd instar larvae). Live and healthy larvae were collected from each replicate at 6, 12, 24, 48, and 72 h and stored at -80°C for RNA extraction.
Polygenetic analysis
Amino acid sequences of the EcR and USP proteins were retrieved from the NCBI database (http://www.ncbi.nlm. nih.gov/BLAST). To construct proteins in the polygenetic tree, we used CLUSTALX 1.83 software to align L. dispar EcR and USP with those of insect species at the level of the deduced amino acid sequence [14] . Polygenetic trees were generated using the neighbor-joining method and bootstrapped with 1000 replicates to evaluate the branch strength of the tree in MEGA 5.1 software [15] .
Quantitative real-time PCR (qRT-PCR) analysis
Total RNA of L. dispar larvae was isolated at different developmental stages (eggs, larvae, pupae, and adults), and was treated with DNaseI to remove any residual DNA. Approximately 0.5 μg of total RNA was reverse-transcribed into cDNA using 1 μM of oligodeoxythymidine primer. The synthesized cDNAs were diluted to 100 μL with sterile water and used as a template for real-time PCR. Four EcR genes and one USP gene from the transcriptome library were selected to study the response to insecticides. The primer sequences are listed in Table 1 . Real-time RT-PCR was performed with an MJ Opticon TM2 machine (Bio-Rad, Hercules, CA, USA). The actin and TUB genes were chosen as internal controls to normalize the amount of total RNA present in each reaction. The reaction mixture (20 μL) contained 10 μL of SYBR Green real-time PCR master mix (Toyobo), 10 μM each of forward and reverse primers, and 2 μL of cDNA template (equivalent to 100 ng of total RNA). The amplification was performed with the following cycling parameters: 94°C for 30 s, followed by 45 cycles at 94°C for 12 s, 60°C for 30 s, 72°C for 40 s, and 1 s at 82°C for plate reading. A melting curve was generated for each sample at the end of each run to assess the purity of the amplified products. Real-time PCR was carried out in triplicate biological repeats to ensure the reproducibility of the results. The clone expression levels were calculated from the threshold cycle according to the delta-delta CT method [16] .
Results

Characteristics of the EcR receptor genes
Four EcR (U27633, U4289, U5567, and U11596) genes and one USP (U23169) gene were identified in the L. dispar transcriptome by BlastX searches of the Nr and SwissProt protein databases ( Table 1 ). The cDNA length of U23169, U27633, U4289, U5567, and U11596 were 1796 bp, 856 bp, 425 bp, 283 bp, and 1488 bp, respectively. The similarities between U4289, U11596 and U23169 were found to be 20.44% and 18.27%, respectively, while the similarity between U11596 and U4289 was 4.38% (Table 2) . Among these EcR receptor complexes, the open reading frame (ORF) of USP (U23169) was 1395 bp, which encoded a deduced polypeptide of 464 amino acids, with a predicted molecular mass of 52.48 kDa and a pI of 8.41.
Polygenetic analysis
According to the identities of the EcR receptor genes in 22 insect species, polygenetic trees of 48 ecdysone receptor genes were reconstructed (Figures 1 and 2 ). The U5567 and U11596 sequences of L. dispar EcR receptor genes were clustered into one group and were relatively close to the EcR genes of Omphisa fuscidentalis (ABS00249.1), Choristoneura fumiferana (AAC36491.2), Danaus plexippus (EHJ66465.1), Papilio xuthus (BAM20285.1), and Plodia interpunctella (AAR84611.1). The U27633 and U4289 sequences of L. dispar EcR receptor genes were clustered into a group with Spodoptera litura (AFK27932.1). Among the six USP genes, the U23169 sequence of the L. dispar USP gene was clustered into a group with Manduca sexta (AAB64234.1).
Developmental expression profiles of the ecdysone receptor
Transcription profiles of the four EcR and one USP genes were identified in L. dispar during different developmental stages (Figure 3 ). Compared to the egg stage, the expression levels of U23169 and U4289 were downregulated during the developmental stages. The relative expression level of U27633 showed downregulation during the 1st, 4th, and 5th instar larvae, as well as the pupae and male adults, while they were upregulated in 2nd, 3rd, and 6th instar larvae and female adults. The transcriptional expression levels of the U5567 gene were mostly downregulated in other developmental stages. The U11596 gene expression level was similar to U5567 except for its expression in 5th instar larvae.
Expression profiles of the ecdysone receptor in response to sublethal methoxyfenozide levels
The expression profiles of ecdysone receptor genes in 2nd and 3rd instar L. dispar were investigated under the LC 5 and LC 20 of methoxyfenozide stress during 72 h (Figures  4-7) . For the 2nd instar gypsy moth larvae under sublethal methoxyfenozide stress, the U23169 and U27633 genes were induced under LC 5 concentration of methoxyfenozide for 72 h with 8.91-and 4.36-fold peak expression compared to unexposed larvae. However, the U11596 gene was downregulated 0.11-fold under an LC 5 concentration of methoxyfenozide during 72 h compared to unexposed larvae at the 24-h time point. The U4289 and U5567 genes showed similar levels of downregulated expression in response to the LC 5 concentration of methoxyfenozide at and LC 20 concentrations of methoxyfenozide at 72 h, but the U11596 gene was upregulated by 3.55-fold compared to the unexposed larvae at 72 h of LC 5 concentration stress.
Discussion
The non-steroidal ecdysone agonist methoxyfenozide (RH-2485) has shown significant activity against lepidopterous and coleopterous pest insects by inducing a precocious lethal molting [4] . Our previous studies have indicated that the 6-h and 48-h time points. After the 2nd instar gypsy moth larvae were subjected to LC 20 of methoxyfenozide, the U23169, U27633, U4289 and U5567 genes showed high expression levels compared to the LC 5 concentration stress at 72 h. However, compared to the LC 5 concentration stress, the U11596 gene was also induced under high concentration stress, although their expression levels were downregulated at 12-48 h. Interestingly, the U23169, U27633, U4289, and U5567 genes were mostly downregulated under sublethal LC 5 LC 10 and LC 30 of methoxyfenozide significantly decreased insect development and resulted in morphological abnormalities in 62.53% of all individuals [9] . Furthermore, methoxyfenozide could produce the effects of protective enzymes, phenoloxidase (PO), superoxide dismutase (SOD), peroxidase (POD), and of detoxifying enzymes, such as carboxylesterase (CarE), MFO O-demethylase (MFOD), and glutathione S-transferase (GST), to disrupt normal physiological metabolism [10, 11, 17] . After the 4th instar larvae were fed with methoxyfenozide, specific proteins were produced in the hemolymph, midgut and epidermal tissue (as detected by SDS-PAGE), which might interfere with the normal physiological metabolism and epidermal formation of L. dispar [17] . In this study, we further identified the ecdysone receptor genes and studied their expression profiles in response to methoxyfenozide. In total, four ecdysone receptor genes and one ultraspiracle gene were found in L. dispar larvae. These ecdysone receptor genes showed distinct developmental expression profiles in response to insecticide stress. The ecdysone receptor isoforms and the ultraspiracle gene showed different expression levels during different developmental stages. Compared to the pre-embryonic stage, the ultraspiracle gene was downregulated during all post-embryonic stages. However, the ecdysone receptor isoforms showed distinct expression patterns during the developmental stages. For example, the isoform U27633 of the ecdysone receptor gene had its lowest expression level in lst instar larvae, while isoform U11596 had its highest expression during the egg stage. These results indicate that L. dispar might trigger the expression of different ecdysone receptors in response to different insecticide stresses.
For 2nd instar larvae, the U23169 and U27633 genes were mainly induced while the U11596 gene was inhibited by LC 5 and LC 20 levels of methoxyfenozide. Interestingly, the ecdysone receptor complex genes in 3rd instar larvae were mostly downregulated by exposure to LC 5 and LC 20 of methoxyfenozide for 72 h. These results showed that the ecdysone receptor complex expression levels were affected by methoxyfenozide in a dose-dependent manner. The EcR complex included different isoforms as indicated by different responses to methoxyfenozide. This information could help with the development of new nonsteroidal ecdysone agonists to control pest insects and delay the development of resistance.
